Trace elements have been recognized to play an important role in the development of Parkinson's disease (PD). However, it is difficult to precisely identify the relationship between these elements and the progression of PD because of an insufficient number of patients. In this study, quantifications of selenium (Se), copper (Cu), iron (Fe) and zinc (Zn) by atomic absorption spectrophotometry were performed in plasma from 238 PD patients and 302 controls recruited from eastern China, which is so far the largest cohort of PD patients and controls for measuring plasma levels of these elements. We found that plasma Se and Fe concentrations were significantly increased whereas Cu and Zn concentrations decreased in PD patients as compared with controls. Meanwhile, these four elements displayed differential changes with regard to age. Linear and logistic regression analyses revealed that both Fe and Zn were negatively correlated with age in PD patients. Association analysis suggests that lower plasma Se and Fe levels may reduce the risk for PD, whereas lower plasma Zn is probably a PD risk factor. Finally, a model was generated to predict PD patients based on the plasma concentrations of these four trace elements as well as other features such as sex and age, which achieved an accuracy of 80.97±1.34% using 10-fold cross-validation. In summary, our data provide new insights into the roles of Se, Cu, Fe and Zn in PD progression.
Introduction
Parkinson's disease (PD) is a chronic neurodegenerative movement disorder characterized by a progressive loss of dopaminergic neurons and formation of Lewy bodies in substantia nigra pars compacta. Origin of PD is rarely monogenic, and the majority are sporadic cases involving in multifaceted etiology including genetic factors and environmental exposures. Mitochondrial dysfunction, oxidative stress, abnormal protein accumulation, and neuroinflammation have been recognized as underlying causes in the pathogenesis of PD [1, 2] .
Neurochemical analyses have suggested a role for trace metals in PD, including selenium (Se), copper (Cu), iron (Fe) and zinc (Zn). For instance, α-synuclein, a major component of Lewy bodies, is able to interact with Fe, Cu and Zn leading to protein aggregation and crosslinking [3] . Amidst, Fe is the most extensively investigated element. Many studies have shown elevated Fe deposits in substantia nigra of PD patients, leading to oxidative stress and damage of nigrastriatal dopaminergic neurons [4, 5] . Se, often considered as an antioxidant by incorporating into selenoproteins such as glutathione peroxidases and thioredoxin reductases, is also linked to PD [6] . Cu and Zn are essential elements for a variety of enzymes such as Cu/Zn superoxide dismutase and dopamine-beta hydroxylase, and have been suggested in the development of neurodegenerative processes due to their critical involvement in cellular regulation [7] [8] [9] .
In past decades, alterations in Se, Cu, Fe and Zn levels have been investigated in plasma/serum, cerebral spinal fluid and substantia nigra of PD patients (Table S1 ). However, the number of patients is considerably limited in almost all studies, which could severely restrict the power of evaluation especially considering the high biological variability of trace element contents in the fluids [10] . Moreover, information concerning the relationship between these elements and PD largely remains mixed in plasma/serum. In this study, we recruited the largest cohort of PD patients and controls reported to date, and aimed to better understand the roles of Se, Cu, Fe and Zn in PD by assessing their levels in plasma. We investigated the interactions between each element as well as their relationships with age and clinical scores. We also analyzed element-element correlations as well as ratios in different ages and PD subtypes. Finally, we proposed a new model for prediction of PD patients. Our data provide new insights into understanding the alternations and potential roles of these four trace elements in PD patients.
Materials and Methods

Subjects
A total of 238 PD patients and 302 controls were enrolled in this case-control cohort study. The controls were selected to have similar age and gender distributions compared to those of the PD cohort ( Table 1) . The idiopathic PD patients were diagnosed according to the UK Parkinson's Disease Society Brain Bank Criteria by two movement disorder specialists, and patients with a family history of PD, or with secondary and atypical Parkinsonism were excluded. All controls were free of neurological disorders by medical history, physical and laboratory examinations. Patients also underwent neurological examinations and were assessed with the Unified Parkinson Disease Rating Scale (UPDRS). Scores of UPDRS section II (UPDRS II), UPDRS section III (UPDRS III) and total UPDRS were 11.0±6.5, 24.9±15.0 and 38.1±21.8, respectively. Patients were divided into three subgroups: tremor-dominant, akineticrigid and mixed type ( Table 1) . The tremor and non-tremor scores for each patient were calculated as previously described [11] . All subjects were mainland Chinese ethnicity and gave written informed consent for the study under a protocol approved by the ethics board of the Second Affiliated Hospital, Wenzhou Medical University.
Chemicals
Ultrapure water was prepared by passing deionized water from a Milli-Q system (Millipore, Bedford, USA) and was used throughout the experiments. Nitric acid (65%) and hydrogen peroxide (30%) of spectroscopic grade (Merck, Darmstadt, Germany) were used for sample digestion and preparation of nitric acid stock standard solution (2%, v/v). All glassware was soaked in 10% of nitric acid (prepared from nitric acid of analytically pure, 65%, Juhua Group Corp., China) for 24h and rinsed with deionized water before use. Standard solutions of Se (100 µg/mL), Cu (500 µg/mL), Fe (1000 µg/mL) and Zn (500 µg/mL) were prepared by dilution of certified standard solutions (National Institute of Metrology, China 
Sample collection and preparation
Fasting blood samples were collected in heparin tubes and centrifuged for 15 min at 1500 rpm at room temperature. After centrifugation, plasma samples were collected and stored at -80°C until analysis. Hemolyzed samples were excluded from the study. Utmost care was taken to avoid potential preanalytical contamination during specimen acquisition and treatment. A conventional wet acid digestion method was used to digest plasma as previously described with slight modification [12] . Briefly, 0.4 mL of plasma sample and 3 mL of nitric acid (65%) were added into a 25 mL beaker, and digested at 70-80°C on an electric hot plate for 90 min. Thereafter, 1.5 mL of hydrogen peroxide (30%) was added into the beaker and continued for digestion. When the remaining volume was about 0.5-1 mL, the liquid was all transferred into a 5 mL of volumetric flask after cooling, and a final volume of 5 mL was obtained by adding the nitric acid stock standard solution. The reference material was treated in the same manner before analysis.
Element analyses
Zeeman atomic absorption spectroscopy (SpectrAA240Z; Varian, USA) equipped with graphite tube atomizer (GTA120; Varian, USA) was used for determination of plasma Se and Cu concentrations, and fast sequential atomic absorption spectroscopy (SpectrAA240FS; Varian, USA) equipped with deuterium background correction was used for determination of plasma Fe and Zn concentrations. The hollow cathode lamps of Se, Cu, Fe and Zn were run under the conditions suggested by the manufacturer. A single element hollow cathode lamp was operated at 10.0 mA for selenium, 4.0 mA for copper, and 5.0 mA for Fe and Zn, with a spectral bandwidth of 1.0 nm for Se and Cu, and 0.2 nm for Fe and Zn. The analytical wavelengths were set at 196.0, 324.8, 248.3, and 213.9 nm for Se, Cu, Fe and Zn, respectively. The graphite tube heating programs optimized for analyses of Se and Cu were showed in Table S2 . A standard addition technique was applied for Se quantification, and the standard addition concentration was 25 µg/L. The injection volume was 25 µL for Se (6 µL of matrix modifier, 4 µL of standard addition solution, and 15 µL of sample) and 12 µL for Cu. For Fe and Zn, the flow rate was 13.5 L/min for air (oxidant) and 2.0 L/min for acetylene, and the time of delay and reading was 7 sec each.
Statistical analysis
Statistical analysis was performed by using SPSS (version 18.0) for windows. First, we used Kolmogorov-Smirnov (KS) test and Shapiro-Wilk (W) test to tell if our data come from a Gaussian population, and both results suggested that the distribution of our data set could not be well-modeled by normal distribution. We then tried to transform our data towards normality by using different statistical methods including BoxCox analysis, natural or base-10 log transformation as well as square root transformation; however, none of them was successful. Thus, non-parametric analysis was adopted in this study. Mann-Whitney U-test was used to examine the significance of difference between two groups. Linear and logistic regression models were used to observe the relationship between element and age. Subjects were then divided into four groups based on the quartiles of element concentrations with the highest one as the reference group. Logistic regression was used to calculate the odds ratio (OR) and 95% confidence interval (CI) for the association between PD and each quartile of plasma trace elements. Model 1 was for individual trace element adjusted with age and sex, while Model 2 was for all four elements as ordinal variables adjusted with age and sex. Trend analyses across quartiles were performed using the ordinal variables containing median element concentrations for each quartile. The correlation of two examined elements or between element and UPDRS was detected by Spearman correlation analysis. Difference was considered significant if p value (FDR corrected) <0.05.
A model for PD prediction
The support vector machine (SVM) algorithm, which is a powerful supervised machine learning model for classification and regression analysis [13] , was used to build a model for PD prediction. Given a set of training samples with plasma concentrations of Fe, Zn, Cu and Se, sex and age compositions as well as their known categories (in our model, 0 and 1 represent controls and patients, respectively), a SVM model was generated using the R (version 2.14.0) e1071 package (version 1.6.1) [14] . 10-fold cross-validation was used to train and test the SVM classifier to get an optimal performance. First, we randomly split our data set into 10 equal parts. Each of the 10 parts was then used as a testing set while the remaining 9 parts as a training set. For each time, a PD model was generated by training from the information involving Plasma Se, Cu, Fe and Zn in Parkinson's Disease PLOS ONE | www.plosone.orgelement concentrations, sex and age compositions of the training set and was used to assign the testing set to get prediction categories. Thus, a total of 10 models were obtained based on one 10-fold cross-validation. The receiver operating characteristic (ROC) curve which was generated by the R package ROCR (version 1.0.4) [15] was used to evaluate the performance of each model. This process was repeated for 100 times to assess the average performance of our PD model.
Results
General analysis of plasma trace element concentrations in PD patients
The measurement of element concentrations was initially assessed by analyzing reference material Seronorm TM Trace Elements Serum. The results showed that the accuracy ranged from 99% for Zn to 107% for Fe. The precision of the method varied from 1.1% for Zn to 5.1% for Se. In addition, the detection limits, calculated as three times the blank intensity SD, were 1.65 µg/L for Se, 0.24 µg/L for Cu, 31.44 µg/L for Fe and 5.00 µg/L for Zn, respectively.
Our quantifications in plasma showed that Se and Fe concentrations were significantly increased by 9.5% (p=0.005) and 12.7% (p=0.006), respectively, while Cu and Zn levels were decreased by 7.7% (p=0.001) and 28.6% (p<0.001), respectively in PD patients (Table 1) . Similar trends of changes were also observed in the male and female subgroups in spite that no significant change for Se and Fe levels was observed in the female patients. To further investigate the influence of age, we divided all the subjects into three age groups (≤55, 55~65 and ≥65; Figure 1 ). Interestingly, only plasma Zn level in PD patients was significantly decreased regardless of age status ( Figure 1D ), suggesting that reduced plasma Zn concentration might be a potential signal for PD early warning. The other three examined elements only had significant changes in certain age groups. For example, Se level was found significantly increased in PD patients with age >55 (55~65 and ≥65 groups), Fe level increased only in patients with age ≤55, whereas Cu level decreased in PD patients with age ≥65 (Figure 1) . Therefore, age could be an important factor that affects the absorption or metabolism of these trace elements in PD patients. When compared plasma level between three clinical subtypes of PD (tremor-dominant, akinetic-rigid and mixed types) and total controls, we found plasma Zn significantly decreased in all three clinical subtypes and Cu significant decreased in akinetic-rigid and mixed types, whereas Se and Fe significantly increased only in mixed types (Table 1) . We also compared plasma element levels between different clinical subtypes of PD. Only plasma Fe level in akinetic-rigid patients appeared lower than that in the mixed type (p=0.057).
Linear regression model was used to analyze the relationship between element level and age in both controls and PD subjects (Figure 2 ). With the increase of age, only Fe and Zn concentrations were linearly decreased in PD patients (p=0.036 for both elements; Figure 2F and H). Logistic regression model was also used and the significance results were quite similar to those using the linear model (Table S3) .
Logistic regression analysis was carried out to further explore the role of these elements in PD. In the analyses of individual plasma trace element (Model 1), we found Zn was associated with PD of age at 55~65 (p for trend =0.004; Table S4 ) and Se was associated with PD of age ≥65 (p for trend =0.024; Table  S4 ). When together considering all four plasma trace elements (Model 2), both Zn and Fe, potentially Se, were associated with PD in total subjects (p for trend =0.040 for Zn and Fe, and =0.055 for Se; Table 2 ), and Zn was also associated with PD in the group of age at 55~65 (p for trend =0.044; Table S4 ). In either Model 1 or 2, lower plasma Se and Fe levels appeared to be protective against PD, while lower plasma Zn level in particular led to increased risk for PD (Table 2 and S4).
Correlation analysis of trace elements
We used the Spearman's correlation coefficient (SCC) to investigate the correlation of any two examined elements between PD patients and controls (Table 3) . Although some element pairs showed certain correlations, no obvious correlation (SCC>0.6 as defined here) could be found among them except for Fe~Zn in tremor-dominant subtypes of PD patients (SSC=0.958, p=0.010; Table 3 ). Similarly, no obvious correlation could be detected between elements and UPDRS scores in either all patients or in different gender, age or clinical subgroups (Table S5 ). This implies that element concentrations may be relatively independent from each other and have little influence on UPDRS, at least in our samples.
We also explored ratios of any two element levels in different age groups and clinical subtypes. Compared with controls, significantly increased Se/Zn, Cu/Zn and Fe/Zn ratios were detected in all three age groups and all subtypes of PD except for Cu/Zn at age ≤55 (Figure 3 ). Similar trends for Cu/Zn and Fe/Zn have been observed previously in PD subtypes [16] . We further analyzed each PD subtypes based on different age ranges. Interestingly, these three ratios (Se/Zn, Cu/Zn and Fe/Zn) had significant changes in all subtypes at age ≥65 as well as in akinetic-rigid and mixed types at age of 55~65, and Fe/Zn also showed a marked increase in the mixed type at age ≤55 ( Figure S1 ). With regard to other element ratios, their changes varied in different subtypes. For example, a significant decrease of Se/Fe ratio was observed only in the mixed type ( Figure 3B ). Further analysis of different age ranges in the mixed type revealed that Se/Fe ratio was solely significantly decreased in patients at age ≤55 ( Figure S1 ). These results suggest that element ratios could be affected by both age and PD subtypes.
A SVM model for PD prediction
A PD model which could be used to predict PD patients was built based on the plasma trace element concentrations and other information. Several algorithms had been tried including clustering, decision tree analysis, conditional inference tree analysis, random forest, and SVM, which displayed an accuracy rate at <50%, 72.03%, 78.26%, 74.34%, and 80.97%, respectively. Among them, SVM showed the best performance. After 10-fold cross-validation to build an optimal machine learning model and 100 repeats of this process, our model achieved a prediction accuracy of 80.97±1.34% , the area under the ROC curve (AUC) of 84.32±1.55%, a sensitivity of 74.09±3.14%, and a specificity of 86.78±2.55%, respectively. The validation of these metrics revealed that our model has a quite stable performance for PD prediction (Figure 4) .
Considering that the plasma concentrations of some elements were related to ages, it is possible that the prediction performance of our model might be age-related. After rebuilding the SVM model within each of the three age groups defined above, the result showed that, regardless the same or actual size of each cohort, the model achieved a better performance with age >55 (≥65 and 55~65 groups; Figure S2 ). This result implied that our model might be more suitable for PD prediction in elder age ranges. In the future, the performance of this model should be improved if more samples and/or plasma concentrations of additional trace elements are available.
Discussion
Pathogenesis of PD is a complex process involving multiple genetic and environmental factors, where role of elements has been investigated in a number of studies [17, 18] . However, the changes of trace elements mostly remain elusive in PD, probably due to the limited number of observations and population variations. In this study, we assessed plasma levels of Se, Cu, Fe and Zn in 238 PD patients and 302 controls with similar age and gender distribution in eastern China, representing the largest cohort thus far in investigating PDassociated changes in plasma elements.
Se is involved in anti-oxidative defense as a key element in multiple enzymes/proteins. Unexpectedly, our data presented an increased Se level in plasma of PD patients, and suggest Se as a potential risk factor for PD. On the other hand, oxidative stress conferred in PD pathogenesis may lead to a higher presence of Se level to raise antioxidant ability as a protective mechanism. Further analysis showed Se level was found increased only in the mixed type of PD patients, indicating Se as an antioxidant may be more demanding in this subtype. Shahar et al recently showed in a long-term study that plasma Se was not associated with the presence of PD but positively related to performance in neurological tasks assessing coordination and motor speed [19] . Interestingly, our results indicate Se was potentially associated with PD, particularly in older population (age ≥65), but we did not find an obvious correlation between plasma Se concentration and UPDRS III, an evaluation of motor activity in PD. The discrepancy is probably due to large differences in experiment designs and assessment of motor activities. Increased Fe deposits have been consistently found in substantia nigra of PD patients [20] [21] [22] . However, information is a bit mixed concerning Fe level in plasma/serum of PD patients, which showed all directions of changes from a decrease [16, 23] , to no change [10, 24, 25] , and to an increase [26] . In the present study, we found plasma Fe level was only elevated in younger (age ≤55) PD patients and decreased ever since, which somewhat explains the dissimilarity of plasma/ serum Fe levels in previous reports when only recruiting limited sample size. More importantly, the above data suggest an early rise of plasma Fe in PD development, likely leading to the increased Fe deposit in substantia nigra and then contributing to the pathogenesis of PD. The latter was in accordance with our further analysis which indicates a potential association between increased Fe level and aggravated risk for PD. Together, our data provided evidence supporting the pathological role of Fe in PD. The differential presence of plasma Fe concentrations in the akinetic rigid and mixed subtypes suggests that Fe may also have an impact on clinical manifestations of PD. Although a reduction of Cu level was found in plasma of PD patients, our further analyses including with clinical subtypes/ scores, risk association, age correlation and with other elements revealed a weak participation of Cu in PD development and progression. In fact, plasma Cu reduction was present only in older PD patients (age ≥65), indicating Cu change may merely be a consequence of PD. Despite a high Table 3 . Spearman correlation coefficients between plasma trace element concentrations. [27] . Based on our results, age may serve an important factor when analyzing changes of Cu and Fe in PD, which unfortunately was missed in their study.
On the other hand, plasma Zn showed the most striking change showing a substantial drop in PD patients. The interaction between plasma Zn and age also showed a drastic transition, from a slight positive correlation in controls to a significant negative correlation in PD affected subjects, suggesting an increasing or accumulative loss of Zn in PD progression. Indeed, similar decreases of Zn by 27.1% and 23.1% in plasma/serum of PD patients have been previously reported in small populations [16, 28] , whereas a few other studies showed no change of plasma/serum Zn level [10, 26, 29] . Although population variation and high biological Figure 3 . Element-element ratios for age groups and clinical subtypes. Element-element ratios for three age groups in PD patients (age ≤55, 55~65 and ≥65) were compared with their respective age-matched controls (A), and for clinical subtypes in PD patients were compared with total controls (B). Histograms represent the fold changes of each element-element ratio compared to the mean value of their respecitve controls which is set as 1. Data were analyzed with Mann-Whitney U-test and significant difference was marked with * for p <0.05. variability in fluids may likely be counted as major reasons, it is still a bit surprising such a difference did not appear in most cohorts of quantifications. In fact, evidence of functional Zn deficiency in PD has been previously noted by oral Zn tally test and measurements of three Zn status-related variables [8] . Our further analysis showed lower plasma Zn level was linked with increased risk for PD, suggesting Zn addition might be helpful in PD treatment. Consistently, in a Drosophila PD model, Zn supplementation greatly improved PD phenotypes induced by expression of parkin mutant [30] . Further investigation is therefore warranted to clarify the role of Zn in the development and treatment of this neurodegenerative disorder.
We failed to detect any obvious correlation between element pairs except for Fe-Zn in the tremor-dominant type of PD patients, neither between elements and UPDRS scores, while the latter is in line with previous studies [29, 31, 32] , implying that element levels may be relatively independent from each other and have little impact on clinical scores. However, further analysis of element-element ratios revealed that the significant ratio changes involving Zn occurred in nearly all different ages and PD subtypes, while other ratio changes varied in ages and subtypes when compared to the control. Such an involvement of Zn could be simply due to a more dramatic alternation in plasma Zn than in the other elements, while if not, may reflect a previously unrecognized position of Zn in the network of trace elements.
Another contribution of this study is to build a SVM-based model for the prediction of PD mainly based on the four element concentrations. The ROC curve and validation test showed a good performance for this model. Further tests for different age groups suggest that the SVM model might have a better fitness for elder age ranges. To our knowledge, this is 
Conclusions
In conclusion, our study demonstrated increased levels of Se and Fe, and decreased levels of Cu and Zn in plasma of PD patients, and presented detailed information of their roles with regard to age and clinical scores/subtypes. Plasma Se or Fe elevation resulted in increased risk towards PD while plasma Zn appeared to be a protective factor against PD. We also built a SVM-based model to predict PD mainly based on these four trace elements. Our data provide novel understanding of plasma Se, Cu, Fe and Zn in PD pathogenesis and progression. Figure S1 . Element-element ratios for clinical subtypes based on age. Element-element ratio for each clinical subtype in PD patients was compared with age-matched controls of age ≤55 (A), 55~65 (B) and ≥65 (C). Histograms represent the fold changes of each element-element ratio compared to the mean value of their respecitve age-matched controls which was set as 1. Data were analyzed with Mann-Whitney U-test and significant difference was marked with * for p <0.05. (TIF) Figure S2 . Generalized performance for SVM model based on ages. 10-fold cross-validation SVM model for PD prediction was built for 100 times based on age ≤55 (A), 55~65 (B) and ≥65 (C).
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